Paired associate recall was tested as a function of serial position for younger and older adults for five word pairs presented aurally in quiet and in noise. In Experiment 1, the addition of noise adversely affected recall in young adults, but only in the early serial positions. Experiments 2 and 3 suggested that the recall of older adults listening to the words in quiet was nearly equivalent to that of younger adults listening in noise. In Experiment 4, we determined the signal-to-noise ratio (S/N) such that, on average, younger and older adults were able to correctly hear the same percentage of words when words were presented one at a time in noise. In Experiment 5, younger adults were tested under this S/N. Compared with older adults from Experiment 3, younger adults in this experiment recalled more words at all serial positions. The results are interpreted as showing that encoding in secondary memory is impaired by aging and noise either as a function of degraded sensory representations, or as a function of reduced processing resources.
was one in which age effects on intelligence were mediated by vision and hearing. Taken together, vision and hearing accounted for 49% of the total and 93% of the age-related variance. Moreover, whereas speed mediated age effects on the remaining intellectual abilities in previous models that did not include auditory or visual factors (Lindenberger, Mayr, & Kliegl, 1993 ; see also Salthouse, 1993 Salthouse, , 1996 , in the 1994 model of Lindenberger and Baltes, speed failed to explain all of the age-related variance in vision and hearing, but vision and hearing mediated all of the age-related variance in speed and the other cognitive components of intelligence. Thus, auditory and visual sensitivity were more powerful predictors of negative age effects than was speed. Subsequent studies have confLrmed that measures of auditory acuity, visual acuity, or both can account for most if not all of the age-related variance in cognitive function (Baltes & Lindenberger, 1997; Salthouse et al., 1996) .
What factor or factors are responsible for this strong correlation between sensory and cognitive performance? Lindenberger and Baltes (1994) suggested that the correlation was a consequence of some factor or collection of factors (a "common cause"), such as widespread neural degeneration, which would inevitably lead to both perceptual and cognitive declines and consequently to a strong correlation between sensory and cognitive factors. However, another possible explanation for the strong correlation is that declines in perceptual processing interfere with efficient cognitive functioning (for a discussion of these issues, see Schneider & Pichora-Fuller, 2000) . According to the latter hypothesis, a decline in sensory function would result in impoverished or inaccurate representations of stimuli. This, in turn, would necessitate the use of top-down processes to recover information lost during sensory processing, thereby placing a greater demand on the reservoir of cognitive resources. As a consequence, cognitive processes such as memory may be indirectly affected by sensory declines. For example, Pichora-Fuller, Schneider, & Daneman (1995) showed that working memory capacity is reduced when the level of a background noise is increased relative to that of the signal. Specifically, after listening to and identifying the last word of a sentence in a background noise for a block of n sentences, the participants were asked to recall the last n words that they had identified. The number of previously identified items that were correctly recalled declined with increases in noise. Further support for the notion that impoverished sensory representations can affect memory comes from the studies of Rabbitt (1968 Rabbitt ( , 1991 , in which the stimulus representation was degraded by the addition of noise. Rabbitt showed that words presented in noise were more difficult to remember than words presented in quiet. This effect was present even when the words presented in noise were clearly heard by the participant at the time of presentation. Obviously, to the extent that a cognitive function is dependent on the accuracy and robustness of the internal representation of a stimulus, a loss of perceptual function should lead to performance declines on the cognitive task.
Thus, there is a distinct possibility that at least some of the observed declines in memory in an aging population are a consequence of processing difficulties caused by declines in sensory function. Moreover, because most studies of cognitive aging do not measure or adequately control for sensory declines (see Schneider & Pichora-Fuller, 2000) , the extent to which sensory declines affect cognitive performance is largely unknown. However, even if the addition of noise to stimuli in younger listeners reduces their subsequent memory levels to the levels observed in older adults, such a parallel between noise and aging need not imply that sensory inefficiencies are the cause of age-related memory difficulties. A second interpretation of this type of result would be that both aging and the presence of noise in young adults are associated with a reduction in available processing resources; the age-related reduction may reflect file biological processes of aging, and the noise-related reduction may reflect the expenditure of processing resources on discriminating words from the babble background. In both cases fewer processing resources are available to encode words effectively in secondary memory, with a consequent reduction in later recall. This second account is similar to Rabbitt's (1968 Rabbitt's ( , 1991 suggestion that hearing loss necessitates an increased expenditure of processing capacity on perceptual processes, with less capacity then being available for rehearsal and other encoding operations. In this sense, aging and noise represent two examples of a larger class of variables associated with a reduction in processing resources and, consequently, poorer memory (N. D. Anderson, Cralk, & Naveh-Benjamin, 1998; Craik, 1982 Craik, , 1983 . The present study attempted to directly measure the effects of perceptual degradation on memory performance in younger and older adults and to generate data that would shed light on the source of age-related memory problems.
In the first study we tested younger adults on their ability to remember spoken words under three levels of perceptual degradation: (a) words presented in quiet, (b) words presented in a background of babble (12 talkers speaking simultaneously) set at a low level (a signal-to-noise ratio, S/N, of -5 dB), and (c) words presented under a moderate level of background babble (S/N of -10 dB). Our working hypothesis was that the background babble would lead to an impoverished perceptual representation of the words, which would, in turn, lead to poorer memory for words. In particular, we wanted to determine whether we could reproduce, in younger adults, the pattern of memory loss observed in older adults simply by degrading the stimulus presented to younger adults. The results of the first study suggested that the effect of babble noise on younger adults led them to perform like older adults. To confirm this, in Experiment 2 we tested younger and older adults under comparable stimulus conditions in quiet. As expected, the younger adults performed better than the older adults. However, the pattern of performance for the older adults was quite similar to that of the younger adults in Experiment 1 who listened to the words in a background babble, suggesting the possibility that part of the older participants' memory difficulties occur because their perceptual systems are producing impoverished perceptual representations of the words. In Experiment 3 we attempted to test younger and older adults under noise conditions in which they were equally likely to be able to recognize individual words. If the memory performance of older adults was poorer than that of younger adults simply because the perceptual representation of the words was impoverished in older adults, then both younger and older adults should perform equivalently in this experiment because listening conditions were adjusted so as to make it equally difficult for younger and older adults to hear individual words presented in noise. Although the younger and older adults demonstrated the same pattern of accuracy as a function of serial position, younger adults outperformed older adults in each serial position. However, in Experiment 4 we tested younger and older adults on their abilities to hear the actual words used in the study and found the accuracy of younger and older adults to differ. This prompted us to use the same stimuli and search for a level of noise at which younger adults would hear the same percentage of these words correctly as did the older adults in the noise level used in Experiment 3. Finally, in Experiment 5 we used this noise level and tested another group of younger adults at this higher level of noise to determine if the differences in performance between the younger and older adults in Experiment 3 could be accounted for by the fact that the older adults correctly identified fewer of the words they were required to remember.
Experiment 1
To test the memory of younger adults under three different levels of perceptual degradation or stress, we used a paired associates learning paradigm modeled after that used by Madigan and McCabe (1971) . In the Madigan and McCabe paradigm, each participant was presented with lists consisting of five paired words, where each list was immediately followed by the first member of one of the five pairs (immediate condition). The participant's task was to recall the second word in that paired associate. Madigan and McCabe found that younger adults demonstrated a very typical serial position curve such that words from the first pair of the list and words from the final two pairs were remembered more accurately than words from intermediate pairs. They attributed this recency effect to the fact that words from the last two serial positions were most likely still being held in a short-term or primary memory store where they could be quickly accessed in recall.
In the present study the stimuli were differentially degraded by presenting them in one of three different levels of a babble noise: quiet, low noise, and moderate noise. In the low noise condition, multitalker babble was present at a level that was 5 dB higher than the level of word presentation (an S/N of -5 dB). In the moderate noise condition, the babble was presented at an S/N of -10 dB. Five word pairs were presented; participants were then cued with the first word of a pair and were asked to recall the second word of that pair. During a session, one third of the lists of word pairs were presented in the quiet condition, another third were presented in the low noise condition, and the final third were presented in the moderate noise condition. Thus, noise level was a within-subject variable.
Method Participants
Twenty-six younger adults, ranging in age from 20 to 24 years of age (M = 21.54 years, SD = 1.33) served as participants in this experiment.
These younger participants were affiliated with the University of Toronto at Mississauga and had obtained a mean of 15.57 years of education (SD = 1.08). They were native speakers of English who obtained an average score of 14.00 (SD = 1.81) on the Mill Hill Vocabulary Test. All participants had normal audiograms (pure-tone air-conduction thresholds in the better ear less than or equal to 25 dB HL from 0.25 to 3.00 kHz). Some of these participants received course credit in exchange for their participation, and others received payment for their time ($10 per hour).
Materials
Digitized speech samples were used as stimuli in this experiment. In particular, single words were digitized using the Computerized Speech Research Environment (CSRE, 1994) software at a sampling rate of 20 kHz. During the recording process, a female speaker was located within a single-walled sound-attenuating chamber. She spoke into a microphone located approximately 15 cm from her mouth. The words used consisted of two-syllable common nouns with a frequency of more than 1 per million words according to the Kucera and Francis (1967) norms. Words were paired randomly, with the constraint that two words with an obvious association (e.g., "football" and "helmet") were never paired. Five word pairs comprised a list, and 30 different lists were presented during a single session to the left earphone of a matched set of TDH 49 earphones in a single-walled sound-attenuating chamber.
Procedures
Audiometric testing. Pure-tone air-conduction thresholds were determined at nine frequencies (0.25-8 kHz) for both ears using an Interacoustics Model AC5 audiometer. Average audiomettic thresholds for these participants are shown as solid circles in Figure 1 .
Babble threshold. To determine the ability of each participant to detect speech sounds, a recording of a 12-talker babble, taken from the modified Speech Perception in Noise (SPIN) test (Bilger, Nuetzel, Rabinowitz, & Rzeczkowsld, 1984) was digitized at a rate of 20 kI-Iz using a 16-bit Tucker Davis (DD1) analog-to-digital converter. An adaptive two-interval forcedchoice procedure was used to determine detection thresholds for the babble. In this procedure, a babble segment was presented in one of two randomly chosen intervals. The two intervals were each 1.5 s long and were separated by a 1.5-s silent period. The two intervals were presented 1.5 s after listeners initiated a trial by pressing a button. Lights on the button box indicated the occurrence of each interval, and the listener's task was to determine which of the two intervals contained the babble segment by pressing one of two buttons. Immediate feedback was provided by flashing the light associated with the interval containing the babble. We used a three-down one-up adaptive technique to determine each individual's threshold. In this procedure, after starting with the babble at a level audible for all participants, the level was reduced with every three correct responses and increased with every incorrect response. Each change in direction (i.e. increasing the level after a number of decreases or vice versa) was considered a reversal. The level of babble at the final 8 reversals was averaged to obtain each individual's babble threshold. The three-down one-up adaptive technique has been found to produce a 79% correct performance level (Levitt, 1971) . During the paired associate learning task, words were presented at approximately 50 dB above each individual's average babble threshold; the concurrent babble stimuli were either absent (quiet), at a level of 5 dB higher than that of word presentation (low noise), or at a level 10 dB higher than that of word presentation (moderate noise). Word Recall. During testing, participants were seated in a soundproof booth and presented with lists of 5 word pairs over earphones. The words in each pair were presented such that there was 100 ms of silence between each word, and the interval between pairs was 4 s. When the babble was presented in conjunction with the words in the list, the babble started 100 ms before the first word in the list and was present continuously throughout the list, ending 4 s after the beginning of the last pair of words. A warning tone (1 kHz at 90 dB for 500 ms) was presented four seconds after the start of the final pair of words. Thus, for lists presented in babble, the warning tone began immediately after the babble was terminated. Then, 4 s after the warning tone, participants were cued with the first word from one of the 5 previously presented word pairs and were required to recall the second word of the pair. The babble noise was never present during recall. No time limit was placed on the recall procedure.
List order was identical for all participants. Each serial position was tested an equal number of times (6) during the 30-list session. The order of test of serial positions was independently and randomly determined for each participant. In addition, the three noise levels (quiet, -5 dB, -10 dB) were independently and randomly assigned to the 30 lists presented to each participant, subject to the restdctiun that each noise level be presented an equal number of times (10). Because these were the only restrictions placed on the selection of serial positions and the assignment of lists to noise levels, the number of times a given serial position was tested at a given noise level varied from participant to participant.
Results
For each participant, the number correct in each of the 15 combinations of serial position and noise level was converted into a percentage correct score based on the number of trials completed in each condition. The number of trials in each condition ranged from 0 to 6. Thus, some participants did not complete any trials in certain serial position and noise combinations. The means presented in Figure 2 are based on those participants who completed at least one trial at that combination of serial position and noise level. The minimum number (n) of participants at any of these points was 22. Given these results, the data were collapsed to find a mean percent correct across the first 3 serial positions and the final 2 positions. All participants had data in Serial Position 1, 2, or 3 and also had data in Positions 4 and 5, so all participants had mean data when the data were collapsed in this fashion. These data were then subjected to a 2 (age: younger vs. older) × 2 (serial position: Positions 1-3 vs. Positions 4-5) × 3 (noise: quiet vs. low noise vs. moderate noise) ANOVA with mean percent correct as the dependent measure. As could be expected given the previously presented results, there was a significant noise effect, F(2, 50) = 5.92, MSE = 604.06, p < .01, and a significant position effect, F(1, 25) = 52.69, MSE = 879.82, p < .0001. In addition, there was also a significant Noise × Position interaction, F(2, 50) = 5.61, 1 A Friedman nonparametric analysis, rather than an analysis of variance (ANOVA) was used because, for each participant, the number of serial positions tested at each noise level was both small and variable (range = 0-6). As a consequence, there were occasional empty cells, and it could not be assumed that the percentage of correct entries in the filled cells were normally distributed or that their variances were equal. The Friedman test required complete data in all cells in order for the data from any one participant to be included in the analysis. Thus, data from some of the participants were excluded in each analysis. The minimum number, n, for any particular test reported was 15 and ranged from 15 to 21. For this reason, the number of participants in each analysis is given along with the Friedman statistic. MSE = 601.26, p < .01. Performance in the first three serial positions varied as a function of noise level, whereas noise had no influence on performance in the last two serial positions.
Experiment 2
In Experiment 1, recall was adversely affected by noise in the first three, but not the last two serial positions. The fact that noise did not affect the recall of words from the 4th and 5th serial position suggests that the words were, for the most part, correctly heard, independent of noise level. However, the fact that they were correctly heard does not mean that their representation in shortterm or primary memory was unaffected by noise. Words can be correctly identified even when some of their acoustic features may be masked by noise. Hence, correct identification is possible even when the internal representation of the word is impoverished. An impoverished representation of the words in primary memory due to the presence of noise may have impeded the transference of these words into secondary memory or long-term storage. Alternatively, the processing resources consumed in identifying the noisy stimuli may have left fewer resources for the adequate encoding of the words in secondary memory. That is, the noiserelated memory decrement may be attributable to a "depletion of attentional resources due to sensory degradation. In either case, one might expect older adults' memory performance following encoding under quiet conditions to resemble young adults' performance for words heard in noise. With age, declines in hearing may result in an impoverished representation in primary memory and poorer transfer to secondary memory. Age-related heating declines may also result in more processing resources being consumed in identifying the noisy words, leaving fewer resources for the adequate encoding Of words in secondary memory. Finally, in addition to any effect caused by hearing declines with age, there may be age-related declines in processing resources, leading to less deep and elaborate encoding in secondary memory (for examples of aging deficits in encoding, see Craik, 1982; Grady et al., 1995; Korsnes & Magnussen, 1996) . To obtain a better idea of the relative performance levels of younger and older adults under optimal conditions, we used the same paired associates learning paradigm that was used in Experiment 1, but in Experiment 2 we presented the words in quiet.
In most tests of recall of orally presented material in aging research, the stimuli are presented either at identical levels to all participants or are adjusted to a level that is "comfortable" for each individual (e.g., Stine & Wingfield, 1987) . Note that in Experiment 1 we adjusted stimulus levels according to each individual's threshold in an attempt to equate individuals with respect to their hearing thresholds. In Experiment 2, we followed the more typical practice and presente d the stimulus materials at identical levels to all participants. Nevertheless, in selecting participants we applied the same hearing criteria to both age groups in an attempt to control for age-related differences in heating.
Method Participants
Fifteen younger adults and 15 older adults served as participants in this experiment. The younger participants ranged in age from 19 to 25 (M = 21.27, SD = 2.15), and the older participants ranged in age from 65 to 79 (M = 71.33, SD = 4.40). The younger adults were all members of the University of Toronto at Mississauga community who had completed an average of 15.53 years of education (SD = 2.33) and obtained an average score of 13.80(SD = 0.45) on the Mill Hill Vocabulary Test. The older participants were all residents of the Mississauga community who had completed an average of 14.50 years of education (SD = 2.28) and obtained an average score of 16.87 (SD = 1.46) on the Mill Hill Vocabulary Test. Thus, the older adults in this sample scored significantly higher on vocabulary than the younger adults, t(17) = 4.53, p < .0001. All participants were paid for their participation ($10 per hour). All participants were native speakers of English with near-normal heating in the left ear (heating levels -< 25 dB HL [hearing level] for frequencies -----2 kHz, and hearing levels at 3 kHz that were --< 40 dB HL), except for one young adult whose hearing levels at 1 and 1.5 kHz were 30 dB HL, and one older adult whose heating levels were 30 dB HL at 1.5 and 2 kHz. The average audiometric thresholds for the young participants (solid squares) and old participants (open squares) are presented in Figure 1 .
Materials
The same set of digitized words were used as those used in Experiment 1. However, 400 words (5 word pairs of 10 words per trial and 40 trials) were used in this experiment instead of the 300 words (30 trials) used in the previous experiment. These words were presented to the participant at a constant level of 65 dB SPL (sound pressure level).
Procedure
All participants were first given an audiometric test. They were then presented with 40 lists of five paired associates in the absence of any background babble. The instructions and testing procedures were identical to those used in Experiment 1 with the following exceptions: (a) the number of lists was increased from 30 to 40; (b) all words were presented at 65 dB SPL; and (c) all 40 lists were presented in quiet. In this way, we guaranteed that all participants would have the same number of trials in each serial position, which allowed us to complete an ANOVA without collapsing across serial positions.
Results and Discussion
The percentage of words remembered correctly at each serial position served as the dependent measure in this experiment. These data are presented graphically in the left panel of Figure 3 . This figure shows that for young adults the percentage of correctly remembered items remains approximately constant for the first four serial positions before increasing substantially at the fifth serial position. The percentage of items remembered by older adults was lower than that of the younger adults in the first three but not the last two serial positions.
A 2 (age: younger vs. older) x 5 (serial position) ANOVA confirmed this description. There was a significant main effect of age, F(1, 28) = 5.35, MSE = 0.02,p < .03, and a significant serial position effect, F(4, 112) = 48.75, MSE = 0.03, p < .0001. In addition, there was a significant Age × Serial Position interaction, F(4, 112) = 2.89, MSE = 0.03, p < .05, indicating that older adults had differentially greater difficulty with the items in the first three serial positions compared with the items in the final two serial positions.
The results of Experiment 2 suggest that older adults are less efficient at encoding information into long-term storage than are younger adults. Such a loss of efficiency would account for their poorer performance in the f'trst three but not the last two serial positions. In Experiment 1, the addition of a background noise with younger adults produced a pattern of recall similar to that of older adults in Experiment 2, namely, a loss of recall in the first three serial positions but not in the last two positions. Thus, younger adults in noise appear to behave like older adults in quiet. One possibility is that primary memory representations are equivalent in younger and older adults because such representations require few attentional resources to be established. These primary memory representations are relatively unaffected by noise and underwrite performance in the tast two serial positions. Recall from the first three serial positions comes from secondary memory, however, and in this case the lack of attentional resources associated with both aging and noise in young adults results in less adequate encoding and thus lower levels of recall. Alternatively, the equivalence between noise and aging may reflect impoverished representations in primary memory. In young adults, the representation is impoverished because of the masking effect of the noise.
In older adults, it may be impoverished because of an age-related deterioration in hearing. How could the stimulus representation in primary memory be impoverished in older adults given that the older adults satisfied the same heating criteria as the younger adults? There are two possible answers to this question. First, even though the younger and older adults satisfied the same hearing criteria, thresholds for older adults at the low frequencies were approximately 10 dB higher than those of younger adults, with the age-related difference in sensitivity increasing with frequency (see Figure 1) . Thus, even in terms of audiometric thresholds, the hearing of the older adults was not as good as that of the younger adults. Second, there are a number of other age-related changes in hearing that could affect the auditory processing of words (for a review, see Schneider, 1997) . This means that even though the words were presented in quiet and at a comfortable level and could be recognized by older adults, recognition may have been based on an impoverished set of auditory cues. This, in turn, would lead to an impoverished representation of the words in the primary memory of older adults. Consequently, they might find it more difficult to transfer the words from primary to secondary memory.
This sensory-based account of the age-related memory decrement suggests that if we could impoverish or degrade the representation of the stimuli in short-term memory to an equal degree in younger and older adults, then they should have equivalent recall in all serial positions. In Experiment 3 we attempted to do this by manipulating the listening situation in two ways. First, the stimulus level was adjusted so that the words were presented at an equal number of decibels above each individual's threshold for detecting speech. Second, the words were presented in noise, with the noise level individually adjusted to make it equally difficult for all listeners to recognize individual words. If both younger and older listeners found it equally difficult to recognize individual words in noise, we assumed that the representations of these words in primary memory would be equally impoverished, that the processing resources consumed in identifying the noisy stimuli would be equally depleted in both age groups, or both.
Experiment 3
In Experiment 3 both the level of the stimuh and the level of the noise were individually adjusted to compensate for differences in hearing ability between younger and older adults. In any group of participants individual thresholds will differ. This is especially true for older individuals who may be developing sensorineural hearing losses. When stimuli are presented at the same absolute level to individual members of a varied group, these stimuli may be well above threshold for some, near threshold for others, and possibly at or below thresholds for a few. Because performance on any number of auditory tests is affected by the proximity of the test stimuh to the listener's threshold, stimuli in auditory experiments (but not necessarily in cognitive experiments) are often presented at a fixed number of decibels above an individual's threshold; that is, at a fixed sensation level (SL). For these reasons the stimulus materials were presented at equal SLs in Experiment 3.
In addition to having higher thresholds, older listeners usually require a greater S/N to hear individual words than do younger listeners (e.g., Murphy, McDowd, & Wilcox, 1999; Pichora-Fuller et al., 1995) . In this experiment we wanted to make it equally difficult for younger and older listeners to hear individual words. Therefore, we tested each participant in noise, using individually determined S/Ns such that all of the individuals were matched with respect to their ability to recognize individual words in noise.
The stimulus materials from the modified SPIN test (Bilger et al., 1984) were used to equate listeners with respect to individual words in noise. Specifically, we determined the S/N for each individual such that the probability of an individual correctly identifying a word was 50% for low-context items on the SPIN test. In the SPIN test, participants hear individual sentences in a multitalker babble background and are asked to report the last word in the sentence immediately after the sentence is presented. In some of the sentences the last word is predictable from the context (The witness took a solemn oath); in others it is not (John hadn't thought about the oath). For both low-context (lowpredictability) and high-context (high-predictability) words, the percentage of words correctly identified increases from zero as the S/N is increased. Pichora-Fuller et al. (1995) showed that younger and older adults with good hearing differ with respect to their ability to recognize both low-and high-context words in a background babble. Typically, the S/Ns required by older adults for recognition of low-context words are about 2-7 dB greater than those required by younger adults. Because the low-context items are, by definition, not predictable from the linguistic context, the psychometric function for low-context items can be used as an estimate of individual word recognition in noise in a situation where guessing is minimized.
Thus, when testing participants, we first determined each participant's babble threshold. We then adjusted the level of the words so that each word was presented 50 dB above each individual's babble threshold. In addition, we also adjusted the level of babble presented to participants on the basis of each individual's lowcontext SPIN threshold. Now consider a hypothetical listener (L-0) who requires a 0 dB S/N for 50% correct recognition of lowcontext words in the SPIN test. Suppose L-0 is tested when the average ratio of the word level to the background babble is -10 dB. If L-0's babble threshold is x dB SPL, then the word level would be set to x +50 dB SPL, and the multitalker babble would be set to x + 50 + 10 dB SPL to provide a S/N of -10 dB. Now consider another individual whose babble threshold is y dB SPL and whose low-context SPIN threshold is 6 dB (a value that might be typical for an older listener). The word level for that individual would be set to y + 50 dB SPL. However, the multitalker babble, rather than being set to y + 50 + 10 dB SPL would be set to y + 50 + 10 -6 dB SPL, so that this individual is tested at an S/N of -4 dB. In this way an individual whose low-context SPIN threshold is 6 dB higher than that of L-0 will be tested at an S/N that is also 6 dB higher than the one used for L-0.
Thus, individual adjustments were made to the signal level and to the S/N to make it equally difficult (or easy) for all participants to recognize individual words. If this adjustment is successful, and if age-related memory differences are simply a function of agerelated differences in hearing, then younger and older participants should recall an equal proportion of words at all serial positions.
Method Participants
A new set of 15 younger adults and 15 older adults served as participants in this research. The younger participants in this study ranged in age from 19 to 25 (M = 21.87, SD = 1.88), and the older participants ranged in age from 66 to 88 (M = 72.60, SD = 6.07). The younger participants were all members of the University of Toronto at Mississauga campus community and had completed an average of 17.00 years of education (SD = 2.00) and obtained an average score of 13.20 (SD = 3.14) on the Mill Hill Vocabulary Test. The older adults were all members of the greater Mississauga community who had completed an average of 13.73 years of education (SD = 3.01) and who obtained an average score of 16.00 (SD = 2.83) on the Mill Hill Vocabulary Test. Thus, although the younger participants had significantly more education than the older adults, t(28) = 3.50, p < .01, the older adults scored significantly higher than the younger adults on the vocabulary test, t(28) = 2.56, p < .02. All participants had audiograms that met the same criteria used in Experiment 2 with the following exceptions: 1 younger and 1 older adult had a heating level of 30 dB at 2 kHz. Average audiograms for both age groups are shown in Figure 1 . All volunteers were paid ($10 per hour) for their participation.
Procedure
As was true in both of the previous experiments, all participants were tested for their pure-tone threshold and then tested for their threshold for speech sounds using the same paradigm as used in Experiment 1.
In addition, the level of babble was varied according to each individual's threshold for words in babble. In order to determine this level of noise, each participant's low-contrast SPIN threshold was determined. The SPIN test is subdivided into eight forms (sets of 50 sentences, 25 of which are low-context items). Each listener was presented with a series of forms (two to four to each ear) at different S/Ns to find a pair of S/Ns at that ear that bracketed the 50% point on the psychometric fimction for low-context items. The threshold (50% point) was determined from these two forms using linear interpolation. Following the usual procedure, the average sound pressure level of the sentences was set 50 dB higher than the individual listener's babble threshold. The decibel level of the babble was then adjusted, relative to that of the sentences, to produce the different values of the S/N. Those listeners whose low-context SPIN threshold was 0 dB (i.e., those whose SPIN performance was equivalent to that of the reference listener, L-0) were tested at a S/N of -7 dB. Those listeners whose low-context SPIN threshold was not 0 dB received the noise at a level obtained by adding their low-context SPIN thresholds to -7. Thus, if a listener had a babble threshold of 10 dB SPL and a SPIN threshold of 0 dB, then the words were presented at a level of 60 dB SPL, and the babble was presented at a level of 67 dB SPL for an S/N of -7 dB. On the other hand, if a listener had a babble threshold of 15 dB, and a SPIN threshold of 5 dB, then the words were presented at a level of 65 dB SPL, and the babble was presented at a level of 67 dB SPL, for an S/N of -2 dB. Once the word presentation level and babble level were individually determined, participants were tested using exactly the same paradigm used in Experiment 2.
Results and Discussion
The right panel of Figure 3 presents the mean percent correct for the younger and older adults as a function of serial position. This panel includes three lines, the two lines depicting data from the current experiment, Experiment 3, as well as the line depicting performance of the older adults in quiet (Experiment 2 data), which is included for comparison purposes. As is obvious from this figure, performance varied as a function of serial position. In addition, younger adults consistently outperformed older adults at every serial position when tested in the presence of noise.
In our first analysis of the Experiment 3 data, we conducted a 2 (age) x 5 (serial position) ANOVA, which confirmed the age effect obvious in the figure. In particular, there was a significant age main effect, F(1, 28) = 10.66, MSE = 0.01, p < .01, and a significant serial position main effect, F(4, 112) = 68.34, MSE = 0.02, p < .0001, but there was no Age X Serial Position interaction, F(4, 112) < 1.0, ns. Thus, the memory for paired associates of the younger adults was significantly better than older adults at all serial positions. However, noise appears to have a similar effect on the performance of the younger and older adults in that there was no Age x Serial Position interaction.
In a second analysis, we compared the performance of the younger adults in noise (Experiment 3) with the performance of the older adults in quiet (Experiment 2). As can be seen in the right panel of Figure 3 , the performance of the younger adults in noise and older adults in quiet was virtually identical. This was supported by a 2 (age: younger adults in noise vs. older adults in quiet) × 5 (serial position) ANOVA. As expected, there was a significant effect of serial position, F(4, 112) = 59.34, MSE = 0.02, p < .0001. However, there was no significant age effect, F(1, 28) < 1.0, ns, nor was the Age × Serial Position interaction significant, F(4, 112) < 1.0, ns. Apparently, the noise made the memory of the younger adults identical to that of the older adults in quiet.
Experiment 4
In Experiment 3 we tried to ensure that the words were equally difficult to hear by individually adjusting the S/N. Note, however, that this adjustment was based on materials recorded in a male voice (the SPIN test), whereas our words were recorded in a female voice. In Experiment 4a, we tested whether we were successful in equating younger and older adults with respect to their ability to hear single words spoken by this female voice in noise. Because the results of Experiment 4a indicated that the younger adults were heating more of the words correctly than older adults, in Experiment 4b we determined a level of noise for younger adults, that would result in their hearing the same percentage of words as did the older adults in Experiment 4a, who were tested at an S/N of -7 dB (with reference to Listener, L-0). This level was then used in Experiment 5 in order to test younger adults under listening conditions in which they correctly identified the same percentage of words as did the older adults in Experiment 3.
Method Participants
In this experiment, we tested an independent sample of 20 younger adults and 10 older adults. The 20 younger adults ranged in age from 19 to 24 (M = 21.35, SD = 1.42), had completed an average of 16.05 years of education (SD = 1.43), and scored an average of 14.15 (SD = 1.60) on the Mill Hill Vocabulary Test. The 10 older participants ranged in age from 65 to 76 (M = 70.80, SD = 4.37), had completed an average of 16.20 year s of education (SD = 2.70), and scored an average of 16.10 (SD = 2.13) on the Mill Hill Vocabulary Test. Although the younger adults and older adults had similar levels of education, t(28) = 0.20, ns, the older adults scored significantly higher on the vocabulary measure than did the younger adults, t(28) = 2.82, p < .05. Ten of the younger adults participated in Experiment 4a, and another 10 participated in Experiment 4b. The 10 older adults only participated in Experiment 4a.
All participants of this study met the same hearing criteria as the participants in Experiments 1-3. Their average andiometric thresholds are shown in Figure 1 .
Materials
The materials for this study consisted of the 400 words presented to the participants in Experiments 2 and 3. They were organized into 10 lists of 40 words. During testing, 5 of the lists (200 words) were presented in quiet, and another 5 lists (200 words) were presented in noise, with the level of the noise being determined individually according to SPIN threshold.
Procedure Experiment 4a. Following determination of each individual's babble
threshold and SPIN threshold, participants were required to listen to lists of words that were presented to each individual at a level 50 dB above their babble threshold and at an S/N of -7 dB for the reference listener L-0. All participants were tested in a similar fashion to the participants in Experiment 3 except that the words were presented one at a time and in lists of 40 words with 5 s between each word. The participants were instructed to repeat each word immediately after hearing it and were encouraged to guess if they did not hear a word properly. Because the participants were repeating words immediately, there was no memory component to this test. The experimenter, who was positioned outside of the booth, monitored performance via a microphone inside the booth.
Testing was completed according to noise condition with five lists in the quiet condition and five in the noise condition. Either the first five lists or the last five lists were used as the lists to be presented in noise. Within each noise condition, the order of presentation of the lists was counterbalanced and the order of completion of the noise conditions was also counterbalanced between subjects.
Experiment 4b. Because the results of Experiment 4a indicated that
younger adults heard more of the individual words than older adults, in Experiment 4b we sought to determine an S/N that would cause younger adults to hear the same percentage of words (86%) as did the older adults in Experiment 4a. In this portion of the experiment, younger adults were tested for their ability to hear words in two different noise levels. These two noise levels were selected so as to bracket the 86% point on the psychometric function relating percent correct to S/N. The same word lists as used in Experiment 4a were again presented to a second group of 10 younger adults with half of the words presented in one level of noise (S/N = -7 dB with reference to [re] Listener L-0) and the other half of the words presented in a higher level of noise (S/N = -11 dB re Listener L-0). These levels were chosen because they were thought to be likely to produce accuracy rates above and below the accuracy level of the older adults in Experiment 4a. On finding the performance in both noise levels, linear interpolation was used to find the S/N necessary to produce the same level of accuracy as obtained by the older adults in Experiment 4a (86%).
Results and Discussion

Experiment 4a
All participants heard the words presented in quiet at a very high level of accuracy (M = 99.7%, SD = 0.53%, for the younger adults, and M = 99.0%, SD = 1.25%, for the older adults).
However, the older adults appeared to have a more difficult time with the words presented in the noise than the younger adults (M = 91.1%, SD = 2.86%, for the younger adults and M = 85.9%, SD = 5.54%, for the older adults). A 2 (age) × 2 (noise condition) ANOVA supported this finding. In particular, in addition to the significant noise effect, F(1, 18) = 142.46, MSE = 8.23, p < .0001, there was also a significant Age x Noise interaction, F(1, 18) = 6.29, MSE = 8.23, p < .02, which appeared to drive the significant age effect, F(1, 18) = 7.04, MSE = 6.08, p < .02. Thus it is possible that older adults performed more poorly in Experiment 3 because the words were more difficult to hear and encode. Experiment 4b was conducted to determine the level of noise necessary to equate younger and older adults with respect to the percentage of individually presented words that could be correctly heard in noise.
The results from Experiment 4 can also be used to investigate the possibility that older and younger adults may differ with respect to their ability to adjust to the presence of the noise. In particular, it was suggested by one of the reviewers (Patrick Rabbitt) that older adults might find it more difficult to hear the first few items presented in noise than younger adults. To investigate this hypothesis, we determined the accuracy with which older and younger adults correctly reported the first five words in each of the lists in Experiment 4a. Because there were five lists in each noise condition, participants heard five words in each of the first five presentation order positions. Figure 4 plots the percentage of individual words correctly heard as a function of presentation order for the younger and older adults in Experiment 4a. Percent correct appears to increase from the first serial position to the second position, but remains essentially constant thereafter for both younger and older adults. Younger adults, however, consistently outperform the older adults. A 2 (age) × 5 (presentation order) ANOVA confirmed this pattern. Our participants did indeed demonstrate some difficulty adjusting to the noise, that is, there was a significant presentation order effect, F(4, 72) = 27.79, MSE = 0.52, p < .0001. In addition, older adults heard fewer words than younger adults, F(1, 18) = 7.41, MSE = 0.20, p < .02. However, a nonsignificant Age × Position interaction, F(4, 72) < 1.0; ns, indicates that the older adults did not have significantly greater difficulty adjusting to the noise than the younger adults. Furthermore, the younger and older adults appeared to adapt rather quickly to the noise as the first word presented appeared to be responsible for the sizeable position effect. This was verified by a second 2 (Age) × 4 (Position 2-5) ANOVA in which the first word was excluded from the analysis. In this analysis, there was no position effect, F(3, 54) < 1.0, ns, nor was there a significant Age × Position interaction, F(3, 54) < 1.0, ns. Moreover, the effect size (f2; Cohen, 1988) for the Age × Position interaction in this 2 × 4 ANOVA was very small (f2 = 0.03). In order for an interaction effect of this size to have a probability (power) of .8 of being found significant at the c~ = .05 level in a replication, 106 participants would need to be tested (53 per age group compared with the 10 we have currently).
Experiment 4b
In this experiment, younger adults were tested at two S/N values. At S/N = -7 dB, accuracy was at 93%; at S/N = -11 dB, accuracy was 81%. Linear interpolation to achieve an 85% accuracy level revealed that an S/N of -10 dB should produce this accuracy level. Thus, in Experiment 5 an independent group of younger adults was tested with S/N = -10 dB (re Listener L-0). According to the results of Experiment 4b, younger adults tested at this level should correctly hear approximately the same number of words as did the older adults in Experiment 3.
Experiment 5
In Experiment 5, another independent group of younger adults was tested in order to determine if the significant age effect in Experiment 3 was related to our failure to fully equate the younger and older adults in terms of their ability to hear the individual words used in that study. The results of Experiment 4 suggest that the younger adults tested at an S/N of -10 dB should hear approximately the same number of words as the older adults in Experiment 3 who were tested at an S/N of -7 dB. Thus, if memory depends only on perceptual difficulty, we would expect the performance of the young adults in Experiment 5 to be equivalent to the performance of the older adults in Experiment 3. On the other hand, if the age-related difference in memory observed in Experiment 3 is due to some other factor besides an age-related hearing difficulty, then the performance of younger adults should still exceed that of older adults.
Method Participants
Fifteen younger adults took part in this experiment. These younger adults ranged in age from 19 to 23 (M = 20.47, SD = 1.19) and obtained an average score of 13.93 (SD = 1.44) on the Mill Hill Vocabulary Test. 2 They were all members of the University of Toronto at Mississanga community and were paid for their participation ($10 per hour). They all met the same hearing criteria used in the previous experiments. 
Materials
The same pairs of words used in Experiment 3 were again presented to younger adults at an S/N of -10 dB (re Listener L-0).
Procedure
Audiograms, babble thresholds, and SPIN thresholds were determined in that order. The average andiometric thresholds for these participants are shown in Figure 1 . Following the SPIN tests, participants completed the same memory test as completed in Experiment 3 at S/N = -10 dB (re Listener L-0).
2 The similarity between younger adults across experiments in Mill Hill vocabulary and andiometric measures indicates that the pool of younger adults from which we were drawing our participants is fairly homogeneous. Thus, we had little reason to suspect that there would be large group differences in the abifity to hear single words presented in the same level of noise. Therefore, we chose to use the calibration level of noise determined in Experiment 4b as the level of noise for Experiment 5.
Results and Discussion
Figure 5 presents the mean percentage of items remembered correctly as a function of serial position. In addition to the data from the current experiment, Figure 5 also includes the data from the younger and older participants of Experiment 3. Thus, the 3 lines in this figure represent younger adults tested with S/N = -7 dB (Experiment 3), younger adults tested with S/N = -10 dB (Experiment 5), and older adults tested with S/N = -7 dB (Experiment 3). As can be seen, performance of younger adults tested in the more difficult noise condition did not differ systematically from the performance of the younger adults in Experiment 3. This finding was confn-rned by a 2 (S/N condition: Experiment 3 younger adults tested at S/N = -7 dB vs. Experiment 5 younger adults tested at S/N = -10 dB) × 5 (serial position) ANOVA with the mean percent correct as the dependent variable. Although there was still a significant serial position main effect, F(4, 112) = 67.23, MSE = 0.03,p < .0001, there was no S/N condition effect F(1, 28) < 1.0, ns, nor was there a significant S/N Condition × Serial Position interaction, F(4, 112) = 1.33, MSE = 0.02, ns.
Given the similarity between the performance of the younger adults in Experiments 3 and 5, it is not surprising that a 2 (age: younger adults in Experiment 5 vs. older adults in Experiment 3) × 5 (serial position) ANOVA produced the same results as the ANOVA on Experiment 3 data. In particular, there was a significant main effect for serial position, F(4, 112) = 67.66, MSE = 0.02, p < .0001, and a significant age main effect, F(1, 28) = 9.37, MSE = 0.02, p < .01, but there was no Age × Serial Position interaction, F(4, 112) < 1.0, ns. Thus, although the younger adults in Experiment 5 should have had more difficulty hearing the words being presented to them than those in Experiment 3 and should have had the same level of hearing accuracy as the older adults, they did not have any more difficulty with this memory task than the younger adults in Experiment 3. However, adding the noise in both Experiments 3 and 5 wiped out the Age × Serial Position interaction so prominent in Exl~riment 2.
General Discussion
The major finding of the present series of experiments is that the effects of noise on the short-term memory performance of younger adults in the Madigan and McCabe (1971) paradigm are similar to the effects of aging. Each of these variables had little or no effect on recall from the last two serial positions but had substantial negative effects on recall from the first three positions (Figures 2  and 3) . Thus, the addition of noise to younger adults appears to mimic the effects of aging in this paradigm.
This pattern of results raises an interesting question about the underlying processes of short-term memory. Why does normal aging, or the addition of a moderate level of noise in younger adults, affect the first three but not the last two serial positions? (We discuss the joint effects of age and noise momentarily.) One possibility is that the effects of noise (or age) differ with respect to primary and secondary memory. It is generally agreed that memory performance for the last 3-4 items in a serially presented list depends largely on primary memory as defined by James (1890) and later by Waugh and Norman (1965) . Such items are still "in mind" and therefore relatively accessible and easy to retrieve. Given that the present experiments dealt with word pairs, it is reasonable to conclude that words from the last two pairs were retrieved predominantly from primary memory. Previous studies have shown that several variables that have a detrimental effect on recall from earlier serial positions (and thus from secondary memory) have little or no effect on recall from primary memory; this has been shown for division of attention (for example, C. M. B. Anderson & Craik, 1974; Murdock, 1965) , aging (Craik, 1968) , and alcoholic intoxication (Bimbaum & Parker, 1977 ) among other manipulations. Experiment 2 of the present series confLrms the effect for aging on secondary memory in the Madigan and McCabe (1971) paradigm, and Experiment 1 adds the effects of noise to the list of relevant variables. Our assumption is that primary memory is relatively immune to the effects of such manipulations because items held in this way are represented in terms of phonological processes, articulatory processes, or both, and are still being actively rehearsed. Such memory codes are rather transient, however, and vulnerable to loss of information by interference from other items and by distraction of attention. Primary memory performance thus falls off rapidly--as seen in the present experiments by the drop in performance from Serial Position 5 to Serial Position 4.
If, as we have suggested, primary memory is relatively unaffected by noise or age, then why is secondary memory affected by both of these factors? The main purpose of the present experiments was to explore the possibility that some part of the memory loss associated with normal aging reflects concomitant sensory losses, and therefore that such memory losses could be simulated by degrading sensory input in young adults. The results are in line with our hypothesis in this regard and also confirm the results presented earlier by Rabbitt (1968 Rabbitt ( , 1991 . Therefore one account of the present pattern of results is that aging is associated with a less adequate perceptual representation in primary memory and that this in turn results in a less adequate encoding of the informarion in secondary memory.
This sensory deficit account is not the only one possible, however. Although it is attractive to point to the similarity between noise and aging and to conclude that age-related deficits in memory are due to greater functional noise in the older brain or to less effective sensory systems, the fact that alcohol yields the same pattern reduces the plausibility of this parallel. That is, few researchers (or older people) would argue that growing old is just like being intoxicated! A second possibility is that aging, noise, and alcohol are all associated with a reduction in processing resources (e.g., see Craik & Byrd, 1982) , and this reduction is in turn associated with less effective encoding of information into secondary memory. This possibility is given further credibility by the fmdlng that a concurrent task (that is, division of attention) also reduces recall from secondary memory without reducing recall from primary memory (C. M. B. Anderson & Craik, 1974; Murdock, 1965) . However, it is probably safest to say that the parallels documented in the present experiments could indicate either an age-related sensory loss or an age-related reduction in processing resources; possibly both factors are operating. A third possibility--that the decrement in the early serial positions reflects a retrieval problem rather than an encoding problem--is less likely given that no. noise was present during the retrieval phase in the current studies.
If it is assumed, for the moment, that the effect of noise in younger adults was to deplete the processing resources necessary for efficient encoding into secondary memory, then a similar effect of noise on the first three serial positions in older adults would be expected. A comparison of the performance of older adults in quiet and in noise indeed does show a decrement in performance in the first three serial positions when noise is introduced. Therefore it appears that noise, at least qualitatively, has a similar effect in younger and older adults with respect to the first three serial positions.
If noise has equivalent effects in younger and older adults with respect to the first three serial positions, why does it differentially affect younger and older adults in the last two serial positions? Figure 3 shows that noise reduces the performance of older adults at the last two serial positions but has virtually no effect on the performance of younger adults at these two positions. 3 This finding suggests that noise has a greater interference effect on primary memory in older than in younger adults. One possible reason for this interaction between noise, serial position, and age might be that older adults have fewer processing resources available to them to represent and rehearse items in primary memory. However, as long as these limited resources are sufficient to represent and rehearse items, primary memory should not be affected in older adults so that their performance in quiet in the last two serial positions should be equivalent to that of younger adults. However, because the resources of older adults are limited compared with those available to younger adults, the addition of any factor, such as noise, that would increase the processing load in primary memory could have a greater effect on older than on younger adults. In other words, the greater processing capacity of younger adults protects them against the effects of noise on primary memory. Of course, if we continue to increase the intensity of the noise, we would expect it to begin to affect primary memory in younger adults, if only because they could not recognize the words.
A related puzzle is why performance was uniformly lower in older adults than in younger adults at all serial positions when identification levels were around 86% for both age groups at the levels of noise used in Experiments 3 and 5 (i.e., when the individual words were equally identifiable to both younger and older adults). There are several differences between the on-line identification of single words in noise and paired-associate recall, however. First, word identification in Experiment 4 was for single words; the requirement to identify word pairs in the memory task may have lowered correct identification. Second, on-line identification of single words was done by focusing entirely on each successive word, whereas in the memory task participants were also trying to remember earlier word pairs. Third, the on-line identification responses were given immediately after the word was heard, whereas word recall for the 5th pair was not requested until 8 s following presentation, and some forgetting undoubtedly occurred in that time. These factors apparently affected the older adults more than their younger counterparts given that the drop in performance between single word identification and recall at Serial Position 5 was 11% in the case of younger adults (86% to 75%) and 26% for the older group (86% to 60%; see Figure 5 ). In summary, the lower performance of the older adults seen in Figure 5 is attributable to a mixture of a greater age-related vulnerability to interference during identification and initial registration of word pairs and probably to some greater degree of memory impairment.
In conclusion, the value of the present report has been to document the parallel between the effects of aging and the effects of testing younger adults in noise on the short-term retention of words. Neither age nor testing younger adults in noise affected recall from the last two serial positions in the Madigan and McCabe (1971) paradigm (i.e., recall from primary memory), yet both variables were associated with marked decrements in recall from earlier serial positions (recall from secondary memory). Two main possibilities underlying this latter result were considered: first, that impoverished sensory representations associated with aging and noise resulted in impaired secondary memory encoding; and second, that reductions in processing resources associated with aging and with the necessity to extract signals from °a noisy 3In Experiment 1, noise did not affect the performance of younger adults in the last two serial positions. We also compared the performance of younger adults in the last two serial positions across Experiments 2, 3, and 5 where younger adults were tested in quiet, a moderate level of noise (S/N = -7 dB), and a somewhat higher level of noise (S/N = -10 dB). A one-way ANOVA on accuracy when Positions 4 and 5 were averaged revealed that there was no effect for noise at these two latter serial positions, F(2, 42) < 1.0, ns. We also compared the performance of older adults in Experiments 2 and 3 when positions 4 and 5 were averaged. A one-way ANOVA showed that there was a significant effect of noise, F(1, 28) = 9.0, p < .01, at these last two serial positions. Of course, if we were to gradually decrease S/N in younger adults, eventually we would expect to find a levet of noise sufficiently disruptive that even their performance would suffer in the last two serial positions. background resulted in impaired secondary memory encoding. Conceivably both factors were operating in the present case. Further specification of the roles played by these two factors and the variables that affect them is the purpose of further experiments underway in our laboratory.
